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(Received 8 July 2012; accepted 27 August 2012; published online 11 September 2012) We propose a THz patch antenna, in which THz ac current is fed by intrinsic Josephson junctions (IJJs). The radiation power of the antenna for three different feed positions is calculated using the finite-difference time-domain method. We predict that the antenna will radiate sub-milliwatt terahertz waves with high radiation efficiency of over 20%. The maximum radiation power will depend on the position of the feed. We also show that the radiation characteristics of the antenna are described well by the equivalent inductance-capacitance-resistance circuit model. Over the past few decades, the search for sources of terahertz electromagnetic (EM) waves has been a hot topic in engineering fields. The terahertz EM wave has a tremendous potential in the technological applications such as non-destructive inspection, bio-sensing, and high-speed wireless communication. Various types of terahertz emitters, such as, quantum-cascade lasers 1 and resonant-tunneling diodes, 2 have been studied so far. However, the generation of high power EM waves in the frequency range 0:1 $ 10 THz, known as the "terahertz gap," is still a challenging problem.
High-T c superconductors have received much attention as promising candidates for compact solid-state terahertz sources after Ozyuzer et al. reported the radiation of highly monochromatic, continuous terahertz wave from Bi 2 Sr 2 CaCu 2 O 8þd (Bi2212) single crystal. 3 Cuprate high-T c superconductors, such as Bi2212, form intrinsic Josephson junctions (IJJs), that is, natural stacks of Josephson junctions composed of the stacking of superconducting CuO 2 layers and insulating layers. 4 Thus, the ac Josephson current flows through the crystal under dc voltage along the c axis, and radiation of EM waves is triggered by this ac current. In previous experimental studies, intense terahertz radiation has been observed for mesa-structured IJJ samples. 3, [5] [6] [7] [8] [9] [10] The emission characteristics of the IJJ mesa have also been investigated theoretically, [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] and these theoretical studies attribute the intense emission to the excitation of the transverse Josephson plasma. In the IJJ mesas, the transverse Josephson plasma is excited strongly under dc voltages when the ac Josephson frequencies coincide with the cavity resonant frequencies that are determined by the mesa geometries. At present, IJJ-based terahertz emitters are able to cover the frequency range of 0:3 $ 1 THz with the radiation power of approximately 10 lW.
In the IJJ mesas, large Joule dissipation occurs under dc voltages. In a typical IJJ mesa studied by Minami et al., 5 for example, Joule dissipation of over 10 mW occurs when the mesa emits terahertz EM waves. This large dissipation implies that the radiation efficiency is extremely low, and is of order 0.1%. An improvement of the radiation efficiency is a crucial task for the practical application of the IJJ-based terahertz emitter.
In this letter, we propose an IJJ-based terahertz emitter that overcomes the problem of low radiation efficiency. We perform a numerical simulation of THz radiation from prototype emitters and predict intense emission of sub-THz EM waves with radiation efficiency that reaches 23%.
In Fig. 1 (a), we show a schematic view of the terahertz patch antenna. A square metal patch is placed on a dielectric substrate, and the patch and the ground plane are electrically connected by a rectangular solid of IJJs. The dc external current injected into the metal patch flows through the IJJs to the ground plane. The IJJ layers stack along the z axis, and thus the ac Josephson current flows between the patch and the ground plane when the IJJs are in resistive states. Therefore, the IJJs act as the "feed line" of the antenna.
The dimensions of the antenna in the x-y plane are given in Fig. 1(b) . We set the thickness of the antenna to 4 lm and the relative dielectric constant of the dielectric substrate to s ¼ 2:25.
Of particular note is that the dimensions of the IJJ sample in our antenna are substantially small compared to those of the terahertz IJJ emitters reported in the previous studies. The dissipation in the IJJs is greatly suppressed in this antenna because of this. In previous studies, the terahertz emission was achieved by the excitation of transverse Josephson plasma waves in mesa-structured IJJs. The dimensions of these mesas are in the range 50 $ 500 lm, and are comparable to the wavelength of the Josephson plasma wave. In contrast, in our antenna, the IJJs are used as the "feed" of the terahertz patch antenna, and thus the dimensions of the IJJs can be much smaller than the wavelength of the plasma wave.
We use the finite-difference time-domain (FDTD) method to investigate the time evolution of the electromagnetic field around the patch antenna and the radiation power. In this calculation, we assume that the dielectric substrate and the ground plane have infinite size in the x-y plane. Moreover, we treat the metal patch and the ground plane as perfect electric conductors. In the regions outside the IJJs, we solve the three-dimensional Maxwell's equations. Inside the IJJs, we solve the dynamical equation of the phase difference and the electric field for each layer which are described as follows:
Here, E z;l and P l are the z component of the electric field and the phase difference between the lth and l À 1th layers, a is the capacitive coupling parameter between IJJ layers, 22 c is the dielectric constant of IJJs along the c axis, I ext is the external dc current, r c is the conductivity for the quasi particle current, S ab is the area of the IJJ plane parallel to the a-b plane, and j c ¼ / 0 =ð2pl 0 k 2 c DÞ is the critical current density of the IJJs. D is the thickness of the insulating layer, k c is the penetration depth along the c axis, and / 0 is the flux quantum. The external oscillating current I OS which is induced by the external field is given by
where C is the closed loop around the surface of the IJJs, H OS is the oscillat-ing part of magnetic field. Since the electrodes are well conductive, the electric field in the electrode region E z;0 and E z;N is negligibly small compared with that in the IJJs E z;1 $ E z;NÀ1 . Hence, we take E z;0 ¼ E z;N ¼ 0. In this letter, we take r ¼ 5 S=m; k c ¼ 100 lm, a ¼ 0:1, D ¼ 12 Å and the thickness of the superconducting layer s ¼ 3 Å . Since the height of the IJJs is 4 lm in our model, the number of IJJ layers N is 2667. These values are comparable to those of Bi2212 samples. In the above equations, we assume that the P l and the current distribution are uniform in the ab plane because the sizes of the IJJs in the a-b plane are much smaller than the penetration depth k c . We consider three different positions of the IJJs L feed ¼ 20; 44, and 68 lm (L feed is shown in Fig. 1) , and calculate the radiation power for each of these positions. 0.26 mA in the resistive state, and then increase the current from 0.26 mA to 0.48 mA.
In the current versus voltage (I-V) curve, a voltage step appears at 1.31 mV for all feed positions (see Fig. 2(a) ). The radiation powers sharply increase around these steps, as shown in the power versus voltage (P-V) curve (see Fig.  2(b) ). The width of the steps and the radiation powers become larger as L feed is increased, and the maximum radiation power of 0.37 mW is obtained when L feed ¼ 68 lm and V ¼ 1.31 mV. Since the input power corresponding to this radiation is estimated to be 1.61 mW from the I-V curve, the radiation efficiency is 23%. Figure 3 shows the amplitude of the displacement current in the IJJs as a function of the voltage for L ¼ 68 lm. The displacement current in the IJJs is strongly enhanced at 1.31 mV. In Fig. 3(b) , we show the Fourier transform of the EM wave emitted from the antenna at V ¼ 1.31 mV for L feed ¼ 68 lm. The peak frequency 0.63 THz is exactly equal to the ac Josephson frequency f J ¼ 2 eV=h. Moreover, higher harmonics (1.26 THz) appear due to the nonlinearity of the ac Josephson effect.
The inset in Fig. 3(b) shows a snapshot of the oscillating part of E z at V ¼ 1.31 mV, and this corresponds to the standing wave mode. The appearance here of the standing wave mode is due to the fact that the ac Josephson frequency 0.63 THz is equal to the resonance frequency f c of the funda-mental cavity mode, where f c is given by f c ¼ c 0 =ð2w ffiffi p s ), c 0 is the light velocity in free space, and w is the width of the metal patch.
In this case, the field oscillation in the IJJs is amplified by receiving a strong feedback from the EM standing wave. Consequently, the radiation power of the patch antenna increases drastically. In this manner, the strong radiation peaks appear due to the commensuration between the ac Josephson frequency of the IJJs and the cavity resonance frequency of the antenna structure. Hence, the resonance voltage and the radiation frequency are uniquely determined by the geometry of the antenna. The strength of the coupling between the field oscillation inside the IJJs and the EM standing wave in the antenna depends on the position of the IJJ feed. As shown in Figs. 2(a) and 2(b), this coupling become stronger when the IJJ feed is located near the edge region of the patch.
Finally, we show that the radiation characteristics of the above patch antenna are well described by the equivalent inductance-capacitance-resistance (LCR) circuit model. Figure 4 (a) shows a schematic figure of the IJJs shunted by the LCR circuit that corresponds to the patch antenna structure. In this equivalent circuit, Q 2 =2C þ ðL=2ÞðdQ 2 =dt 2 Þ is the electromagnetic energy accumulated in the patch antenna. The radiation power of the antenna is expressed as the enegy loss RI 2 of the circuit. The parameters L, C, and R are the equivalent inductance, capacitance, and radiation resistance of the patch antenna, respectively. The time evolution of the charge accumulated on the equivalent capacitor Q is given by
In this circuit model, the external oscillating current density I OS in Eq. (2) is given by ÀdQ/dt.
Based on this equivalent circuit model, we numerically evaluate the radiation power RI 2 of the antenna. In Fig. 4(b) , we show the I-V and P-V curves (solid curves) which are obtained by solving Eqs. (1), (2), and (3) with L ¼ 0.386 nH, C ¼ 0.175 fF, R ¼ 17.9 X. The open circles indicate the calculated values in the above FDTD simulation for L feed ¼ 68 lm. As seen in Fig. 4(b) , the results obtained by the FDTD simulation are in good agreement with those of the LCR circuit model. The above results imply that the radiation characteristics of the patch antenna fed by IJJs are described well by the equivalent LCR circuit model, wherein the sharp peaks in the the P-V curve of the antenna are attributed to the LC resonance.
In summary, we proposed a THz patch antenna fed by IJJs, and investigated the radiation characteristics of the antenna. We predicted that the antenna emits sub-milliwatt terahertz waves with high radiation efficiency over 20%. We also showed that the radiation characteristics of the antenna are well described by the equivalent LCR circuit model.
